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PREFACE

This is the fifth Conference in a series in which three have been held at
eersburg, in the Federal German Republic (1965,1967 and 1974) and one at Elve-
-ham Hall in Hampshire, U.K. (1970). These earlier conferences were sponsored

by Dornier System GbH acting on behalf of the Federal German Ministry of Defence
and by the U.K. Ministry of Defence (Procurement Executive). The .Materials De-
partment of the Royal Aircraft Establishment, Farnborough, co-ordinated the U.K.
effort and undertook the production of the Proceedings: %ndrew Fyall and Roy
King were Editors. Not all the Conferences in this series have had the same ti-
tle. Early ones were predominantly about liquid impact and rain erosion, but
inevitably the scope extended to include "associated phenomena". In this Keeting
it was decided to give approximately equal time to the major topics of liquid
impact, solid Impact and cavitation erosion.

The response to the "call for papers" was extremely encouraging. Over
100 synopses were submitted, and of these 80 were highly recommended by the
Referees; the remainder frequently contained excellent material but were thought
to be peripheral to the main themes of the Conference. With so many ;cod papers
the Conference Comittee decided to exoand what was planned to be a three day
Meeting into a four day one. The final programme is likely to have about 75
papers, and the Committee are delighted that almost every group actively engaged
in erosion research is likely to be represented.

The Committee felt strongly that every effort should be made to have the
Proceedings available at the time of the Conference. This meant asking for
.camera-ready" papers. We are most grateful to the Authors for preparing their
papers in this way and keeping to suggested deadlines. At the time of writing,
it looks as if all but a very few will be included in the Proceedings. Since
this volume will be an important and up-to-date record of erosion research, extra
copies are being prepared. it will, therefore, be possible for individuals and
libraries to purchase further copies.

The Authors have been allocated lecture times of 10,15 or 20 minutes. The
Committee have emphasised to Authors that this does not reflect their opinions
of the likely quality of the paper, but are simply times expected for adequate
delivery of the subject matter. Authors have been given the opportuni4ty to ask
for an increased time allowance. What this means is that the times allowed in
the final programme have been agreed by the Authors. Session Chairnen we feel
will be reinforced by this and will act, firmly and fairly to ensure -ne success-
ful running of the Conference.

We are grateful to Professor David Tabor for acting as :cnference Chairma.
His now classic work with the late Professor Bowden, on Friction and Lubrication
involved pioneer work on contact stress, hardness, elastic deformation and sur-
faces; all are major themes in the present Conference. T..he :ommittee would like
to express their appreciation to the International ;dvisors for their help in
publicising the Meeting and for their valuable advice at all stages of the olan-
ning of the Conference. I would like to thank the Organislnq Committee for their
hard work and support. Dr. Norman Corney and Dr. John Lancaster of Farnborough,
together with .r. Peter Rolls and Mr. Peter Pinnock of the printing department
at Farnborough, took the full load of converting the 'camera-ready* papers into
the Proceedings. All delegates, and in fact all readers of the Proceedings, will
feel grateful for their efforts. The :ambridge members of the Committee have
shared all the local organisational work. I would like to add partIcular thanks
to my two colleagues in the Cavendish, Dr. David Gorham and Dr. John 4atthewson
(the most "local" of all thd Committee members) and consequently the first in

Access r line for urgent jobs. They have "battled" with local printers, checked lists,
sealed envelopes etc. with alacrity and enthusiasm. No organisational work can

-TIS GRA!! proceed satisfactorily without devoted secretarial help, and the noble ladies in
D1C T9 the case of this Conference are Mrs. Felicity (Flick) Ellis and Mrs. Gerle

Lnzarich.
S : The sponsors for this Meeting are the United States Army and Air Force,

through the U.S. Procurement Agency, Europe, the United States Navy through their
European Office and the Ministry of Defence (Procurement Executive) U.K. The
Royal Aircraft Establishment, U.K. took full respcnsibilit for preparing the

y1tr1bUt10e, Conference Proceedings. All these sponsors are thanked for their generosity.

!h vail y o DR. JOHN FIELD



CONFERENCE CHAIRMAN

Professor D. Tabor, F.R.S. Cavendish Laboratory,
Department of Physics,
University of C ambridge, U.K.

ORGANISING COMMITTEE

Dr. J.E. Field (Secretary) Cavendish Laboratorl,
Dr. D.A. Gorham Department of Physics,
Dr. M.J. Matthewson University of Cambridge, U.K.
Dr. J.H. Brunton Department of Engineering,

University of Cambridce, U.K.
Dr. I.M. Hutc.ings Department of metallurgy and

Materials Science, University of
C anmbr.dge, U. K.

Dr. N.S. Corney Ministry of Defence (Procurement
Executive), Farnborcuh, U. K.

Dr. J.K. Lancaster Royal ; ircraft Establishment,
Farnrborough, U.K.

INTERNATIONAL ADVISORS

Dr. W.F. Adler E.T.7. Zal-forn-.a, U.S.A.
Prof. I. Finnie University cf Ca1lfornia, U.S.A.

Dr. G. Hoff Dornier, Federal German Republic.

Prof. M.B. Lesser University of lulei, Sweden.
Dr. C.M. Preece Sell Labs., New Jersey, U.S.A.

G.F. Schmitt, Jr. United States A-r Force, Chio, '.S.A.

Fifth International Conference on Ercsicn by
Liquid and Solid Impact, (ELS1 V),
Dr. J.E. Field (Secretary of Organismnq Committee),
C avendish Laboratory,
Madinqley Road,
Caftr4dqe C33 ORE,
U.K.



Ellis et al 57-1

Pie. Stin l. CoaL on Eaion by Sold and Liquid Impact

OBSEVATIONS ON BUBBLE DYNAMICS IN JrT FLOWS AD AT NIGH ASIE3r.T PRESSUrES

A.T. Ellis and J.E. Starrect
University of California, San Diego

Recent developsent by the authors of a unique ruby laser light source has
permitted moving pictures of bubble growth and collapse to be made during a
tco-eillisecond observation time at rates from 100,000 to 1,000,300 frames per
second with exposure clue of approximately 2vl0

-  seconds.

The coherent nature of the laser illuminacion revealed shock waves with-
out need !or Schlieren techniques. It seemed quite evident that bubble
collapse microjeta rather than shockwaves caused greater damage to fused
quartz specimens. There also seemed to be damaging jets generated during
bubble rebound.

Since possible use of cavitation to assist deep bore earth drilling has
been proposed, experiments were conducted utilizing spark generated cavities
in water and non-Newtonian solutions at ambient pressures up to 35 MPa
(10.000 ft bore-hole depth). Radius-time curves showed fairly good agreement
vith the classical theory of Lord Rayleigh even above the 22 .Pa critical
point for water. Flow generated cavitation in jets from types of nozzles
including that of Leach and Walker were observed.

To facilitate analysis, single bubbles were generated in a flow normally
impacting a solid wall. The bubbles assumed an elliptical shape near the
stagnation region and relatively fine bubble jets were observed during both
collapse and rebound. These observations appear to qualitatively support
earlier theoretical work by many investigators including Naude and Ellis [I",
Senjamin and Ellis [21, F.P. Dowden [31, Plesset and Chapman [14] and more
recently, Voinov and Voinov (5].

Research supported by Office of Naval Research & National Science Foundation.

HISTORICAL BACKGROUND AND INTRODUCTION microsecond exposure pictures of the actual
collapse on phot.elastic1!': sensitive solids

Effects of tvo basic phenomena have been (131. A second-order perturbation theory was
observed at least as long as the eighteenth developed by them at the same time which
century. Theoretical treatment of cavitation extended the original .irst-order theory of
probably began in 1754 with Euler [61, and Plesset and Mitchell published in 1956 1.
the use of a hollow explosive charge to form Much later work confirming these results and
a jet was mentioned in 1792. Theoretical work extending then has been done by others.
on the explosive "Munro*" jets dates from the
World War 11 work of Sir Geoffrey Taylor 17], This work, however, was motivated gener-
and others f8]. ally by the need to suppress cavitation damaxe

and was not directed toward its use for dril-
Although cavitation was easily observed ling or excavation. 7his idea seems to have

long ago, the actual mechanics of bubble originated with various Russian workers but
collapse was not, due to the high velocities in recent years it has received so much popu-
involved. Theoretical work by Rayleigh (91, laritv that the literature is too large to be
and others [10], even as late as the 1960's properly referenced.
was consequently preoccupied with spherically
symmetric bubble collapse and damage-causing Three main sources of literature on this
mechanism, but it has become increasingly subject come from meetings of !he Rovai Societv
apparent to many investigators that jets of London in 1965, and the 3ritish Hvdrome-
formed during cavitation bubble collapse are chanics Research Association in 1972 and again
probably even more damagins. The close con- in 1974. In particular, the papers of Virgil
nection, therefore, between cavitation damage Johnson and his associates at the latter two
and ' lmroe" jets was relatively late in being meetings [1,]. [161 are of particular Interest
realized. A more detailed survey of the work for the drilling problem. In their papers,
leading to this is made in the paper "On Jets they describe operation of their "caviJet '

and Shockwaves from Cavitation," by A.T. Ellis which indeed is impressive for surface drilling
in the Proceedings of the 6th Symposium on or mining.
Naval Rydrodynamics, held in Washington, D.C.
in 1966. Briefly, it appears that the cavi- It it felt that the imp Lications of the
tation jet was suspected as early as 194" [11], theory presented by Benjamin and Ellis 717-
but actual high-speed photographic proof was at the Roval Societv of London in 1965 form a
not available until 1958 when Neudi and Ellis basis for the explanation of the effec:iveness
using a Kerr cell camera developed by Ellis in of the ":avilet". -he basic point is :nt
1952 [12, took 200,300 .rames per second, 0.1 rapid defornat:on of the cavltv !eads. ov
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momentum considerations, to self-propel the where P. is the ambient pressure far from the

cenctoid in the axial, or man flow direction, bubble and Ps is the pressure inside the bub-
There is thus an additional effect concen- ble. (n] is the intrinsic viscosiy., C the

tracing energ, into the jet which is highly concentration, and I the "terminal relaxation
dependent on the cescroid velocity. The time" [201 of dilute polymer solutions. It
practical sip iicance is that bubbles col- my be noticed that the integral representing
lapsing in a high-speed flow relative to the don-eVtonian effects is of the "memory" type
surface theZ will eventually impact should be where the scress depends on the history of the
much more damaging than if they were collaps- strain and strain rate as well as its current
ing in a stationary modium. Perhaps the first value. In addition a term representing the
observation of this was the paper by Knapp effect of non-condensable gas in the bubble

[181 i 1955 in which small cavitation bubbles may be included as is done later in this sac-
were carried along the boundary of a larger cion. If carms involving viscosity are
'supercavitating" stationary cavity and into neglected, the equation becomes the familiar
the stagnation region where their unusually Rayleigh equation.

high translational velocity created conditions
for heavy damage proportional to the fifth or Fortunately, from the standpoint of data
sixth power of the velocity. Significantly, reduction and calculacons in the present
however, Knapp estimated that the fraction of work, only the inertial stress and the pres-

bubbles which were effective in causing damage sure were judged to be significant. This was
was very smell. This means that the Location based on the numerical values of the para-
and size of the bubble relative to the surface mtars in the experiment. It is helpful to
to be damaged is very critical, put equation (1) in non-dimensional terms to

see this. The following quantities are there-

The proposed mans of overcoming these fore introduced [221:
difficulties was to provide a system wherein Rr/
a spark-generated bubble was formed in an - where .915
already existing flow of as high a velocity as R

possible. The generation point would not be A 2
imediate to the solid face to be drilled, but Reynolds number, Re .

°

would be the proper distance away such that L 0
the bubble would grow and start to collapse
as ic is swept toward it. When it reached oR3
:he proper standoff distance, another spark Webers number. 1 =
generated bubble would be initiated upstream 2
and a strong shock wave caused by this spark.
his shock wave would propagate downstream to
encounter the upper surface of the previously Deborah number, and indicates d

generated bubble and initiate a jet in the = -: nt
direction of propagation of the shock. This
experiment was performed by Ellis and his Equation (5) then becomes:
graduate student, Paul Gruber, at Caltech in qutn S)hneos
1967 [191. However, the shock wave was gener- 21,, + 3 , 4 ' 4+ 1 + 2crL
ated by a spark in a tube over a rising curved W N R .

air-mater Interface and the pressures used 
-o

and velocities attained were low. The results , :3
shoved a factor of approximately 3 for the E .& 1 +L--

2
.:d - ±1 (2)

ratco of Jec velocity to main flow velocity, j3() J
and this agreed with the observations of

owden wherein microjet velocities of 1900 where the positive and negative signs on the

metors per second for main Jet velocities of term on the right side of the equation are for
650 meters per second were observed [3]. the growth and collapse cases, respectively.

SP= RICAL 3 B13E DT UMICS IN A Typical values for the experiments
.0N-.W10.IAR LIQUID reported here are:

The theory of spherical bubble growth Raynolds number, R *0,000 :o 74,000
and collapse in an incompressible liquid was Deborah number, .%-20 to so.
published by Lord Rayleigh in 1917.

The denominator of the coefficient of the
If we include stresses due to surface integral is thus in the range L.2vl0 to

tension. C, Vowtonian viscosity, uo, and 6.2xl0'. Experimental data on the value of

non-Newonian fluid stresses based on the two the intrinsic voecosity. (n], at our extremely
paramter Oldroyd model (203 then the bubble high strain rates (23x10

"
) is unavailable, but

equation developed by Ellis and Ting (21] a theoretical treatment by Lumley [1231 ndi-
becomes cace it may be ve7ry high. lecause of this

2. we did some experiments with polyethylene
2 1 oxide at up to 300 parts per million by weight

% tI~ concentration. 10 measurable difference couldj=C[n] e k'- ; R3(', be noticed and we therefore concluded that
4U a R 3 ( . )  neglecting it theoretically was justified. At

L our Reynolds numbers it was even more obvious

* P. P3 * (1) chat the ordinary .evtonian viscost'v would
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have a negligible effect. This is an impor- that enters the cylinder radially at its
tant smplifyin ansumptcion since it means midpoint. The feed through was modified to
that bubble dynamics will not be affected at hold a spark electrode fabriaced from stan-
high ambient pressures by the viscometric dard 1/16" diamecor choriaca tungsten welding
properties of the drilling msd. electrode stock, tapered to a point. The

grounded electrode is identical and is mounted
The effects of compressibility of the directly to the inside wall of the cylinder at

liquid are also neglected as far as bubble 900 to the high voltage electrode, forming a
dynamics are concerned since maxima observed spark gap on the cylinder/optical axis.
bubble wall velocities were only about ane- Photographs of the experimental set up are
fifth sound speed in the liquid. shown in Figure 3 and Figure 4.

Measured shock Ive velocities were The sparks were made by discharging a
approximately 1.6340 cm/sec compared to a 1.93 ufd capacitor through the spark gap with
sound speed of L.9x40 cm/sec at a radius a 7390 hydrogen thyratron. The capacitor
of 0.5 cm. An esclmace of shock pressure at was Initially charged to 13 KV. Typical volt-
this radius is 670 %ga (97,000 PSI). This is age and current waveforms of -he discharge
in good agreement with measurements mads by pulse at the spark gap observed with different
Sandia Corporation but is nearly an order of capacitors charged to voltages from 5 to 15
magnitude lower than stresses developed by KV indicate a predictable D.C. gap resistance
the cavitation jet. of aout 0.10 ohms, with a current waveform

that is closely sinusoidal of one-half cycle
The experimencally observed bubbles and width of about 5 us. Thus the energy in

collapse to a finite volume (typically 6Z the spark can be determined by measuring the
of maximm volume) and rebound indicating the peak current on each run.
-presence of non-condensibla gas in the bubble.
Ra gh showed that, if Zin is the minmum Typically spark energies were in the
volume ratio of the bubble Ni/RO) n, then: range of 10-20 joules and efficiencies were

3 *t I in the range of 10-30%. N4o attempt was made
fUR 4 R] "-P + (3) in this study to optimize the spark input

enegy or the efficiency and the data do not
Equation (3) was solved numerically by a show any strong correlation between energy,

fourth order Runge-Kutta technique. The efficiency and pressure, although exception-
resulting normalized curves of R vs. t are ally high efficiencies such as the case above
shown in Figures 1 and 2. Figure 1 is the seem most likely to occur at the lover pres-
theoretical Rayleigh curve with zan0 for sures and lower input energies. More typical
both growth and collapse. Figure .show the values for runs at all pressures are closer
curves of Radius (R) and velocity (R) and to 15 joules in the spark with an efficiency
acceleration (K) for collapse of bubbles by of about 15% resulting in about 2.25 joules
both the vapor model (RR) and the gas filled of Pressure-Volume energy in the bubble.
model (Z) of equation (3). In this solution
the minimum volume of the bubble was chosen Liquids used for these experiments were
as .064 Vo to be representative of the exper- chosen on the basis of optical transparenc
imnntal data. As the mi imt volume is for photography and variation in physical
allowed to go to 0 the curve R. approaches the properties which would give some assurance
curve R R, but a gas-filled modal will always that the results could be applied to drilling
show a sharp acceleration spike at minimum muds. later was used as a standard of conpar-
volume when the bubble rebounds and is thus ison; the other liquids were a mixture of 50%
a fundamentally different solution than the water, 502 glycerin, and a mixture of 50%
vapor model. polymer solution, 502 glycerin. The polymer

solution was 600 ppmw Polyox 'SR 301 in water.
It should be remembered, however, that Polyox is a Union Carbide brand name for poly-

solid wall proximity will cause a Jet to ethylene oxide, the WSR 301 has an average
form and cause damage before ainimum volume molecular weight of 'Axl0'. The glycerin-
is reached so that gas content may not be a water mixture provides a .evconlan fluid with
large factor in tha case. The experimental a densi:y 13%. higher than water and a viscos-
bubbles at high ambient pressure reported ity at room temperature 6.? times that of
here were not near a wall and were not water, and within a factor of 10 of drilling
observed to form jots. fluid viscosities. The glycerin-polyox mix-

ture has the same density (1.13 gm/cm') and
OSEIRVATIOW 07 SAPS GENERATED is highly visco-elastic. The shear thinning
CAViTIES AT IN PRESSURES behavior of drilling fluids was not modeled

experimentally, but since both the theory and
The high speed laser camera was used to these experiments indicate the negligible

obtain photographic histories of bubble radii importance of moderately high viscosity, the
in several liquids at ambient pressures from behavior of decreasing viscosity with
1,000 to 5,000 psi (6.89 to 34.5 MPa). Spark increasing shear rate will have no measurable
generated bubbles were created in a high effect on overall bubble dynamics.
pressure experimencal chamber designed and
built by Sandia Corporation, which was placed Data are shown in Figures 5 and S. They
between the pulse locked laser and the camera present the data in dimensionless coordinates
Lens. The chamber is cylindrical, with sap- which allows comparison of bubbles of varying
phire optical windows concentrically mounted radii at different pressures. The reduced
at each end and a high voltage fesd through radius is normalized to the maxim u radius
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of the bubble and the reduced clm is normal- which fit the Rayleigh curve in both growth
ized to the theoretical Uiyleigh collapse and collapse nearly as wall as do the 1*.000
time, r. The expression: psi data.

. 1_o matur The glycerin-polyox data [Fig. 6] are much

,-.915 f , aFluid Density, PFluid Pressure like glvcerin-water data except chat the
crend for dynamics cn vary from vapor
like behavior to as like behavior

can be obtained from equation (3) by solving is uniform from 7-.a to 35 .Pa with no anona-
for c as a function of R and integrating .  lies such as the run in glycerin-water at 21
The maximum Radius and Rayleigh time for each 4Pa. The 7 MPa Glycerin-Polyox are the best
run, along with the bubble's Pressure-Volume fit to a Rayleigh model of all data with an
energy are given in Table 1. To give a origin shift of only .02 (compare .05-.15)
clearer picture of how the histories vary with and the data at 35 EPa lie on the vapor growth
increasing pressure, the data for all 5 gas collapse curve with an origin shift of
Glycerin-Polyox runs are presented in Figure .15. It is possible chat the non-Nevtonian
7 in dimensional coordinates of millimeters effects of the polymer are responsible for
and microseconds. decreased sensitivity of the dynamics to

random variations in the nature of the single
The normalize data cam be compared spark discharge which probably account for

directly with the theoretical Rayleigh curve the somewhat mixed behavior of bubbles in
Figure 11 and with Figure 2 which gives the glycerin-water at the various pressures. It

theorecical collapse curves for both vapor must be pointed out, however, that these dif-
filled theory and for bubbles containing ferences in the data are small and should have
non-condensible gas which causes the bubbles little effect on the damaging capability of
to rebound. The rebound portion of the curve the bubble.
would be the growth curve for a gas filled
bubble. While the true behavior of the bub- DAMAGE OBSERVATIONS AT NIGH PRESSURES
bles fits neither of these models exactly,
they are couvenlent for discussing the data. One inch fused quartz cubes were instal-

led in the high pressure chamber adjacent to
For all experimental runs, growth and the spark gap and the high speed camera was

collapse data tend to be bounded by the vapor used to record histories of bubbles growing
and gas curves. In general growth portions and collapsing on a face of the cube. Records
of the data tend to be closer to the vapor in both water and the glvcerin-polyox mixture
curve and collapse data tend to be closer confirm that the qualitative features of
to the gas curve. In the denser liquids the bubbles collapsing on a boundary at pressures
asymnetry between growth and collapse tends from 1,000 to 5,000 psi are the same as seen
to become greater with increasing pressure. in studies at atmospheric pressure. Slight
This behavior of the data suggests that a dmge to the cubes can be seen in studies at
good theoretical model for the overall bubble atmospheric pressure. Slight damage to the
dynamics could be developed from a physical cubes can be seen after only a few bubbles
model which postulates a bubble containing have collapsed on the surface. Exposure to
both condensible vapor and non-condensible approximatley 50 bubbles produces extensive
gas, with the non-condensible gas concentrated cracking of the quartz to a depth of about .5
in an expanding core at the bubble's center. ca. A photograph of the surface of a cube
Since bubble histories are short compared to exposed to about 50 bubbles at 14 .Pa
diffusion times, it Is unlikely that the non- ambient pressure is shown in Figure (8). The
condensible gases from the spark ever become magnification is approximately ten. Continued
uniformly distributed in the bubble. Such a exposure to collapsing cavities will shatter
model is being developed and is expected to the cubes to destruction after about 100-150
show the general Rayleigh like growth, gas bubbles. As in the studies at atmospheric
like collapse behavior seen In these experi- pressure, some material is actually removed
sents. It should be noticed too that the in the process, but for these brittle mate-
data show a sharper cusp at rebound at mini- rials the greatest damage in in the extensive
mum volume than does the simple gas filled crack netvork that develops. It is also
model, which also fails to account for sucrgy observed that there is a latent effect in the
loss due to shock wave radiation and other development of a crack network: the first
effects in real bubbles where compressibility bubbles may have little apparent effect, but
of the liquid becomes important during the continued exposure develops the major cracking
last instants of collapse. that can appear suddenly and dramatically.

All data from the 50Z glycerin-SOZ water OBSERVATIONS ON THE LEACS AND WALKER
runs (Figure 5] show a good fit to Rayleigh OZZLE
growth if the origin is shifted and the growth
tends to become slightly retarded at increas- In the course of observing cavitation
ing pressure, requiring a larger origin shift from nozzles such as the cavijet it was
for a vapor fit. There is also a trend for thought to be of possible interest to look at
the collapse portions of the data to become the cavitation from a well-known nozzle such
more retarded with increasing pressure. Thus as the Leach and Walker design (24] which had
:he 1.,000 psi data are an excellent fit to the a proven record of efficiency for operation
vapor curve in both growth and collapse, while in air at very high pressures. It, of course,
the collapse data become increasingly like was not, to our knowledge, designed for cavi-
the gas curve at higher pressures. A notable cating operation.
exception is the 3,000 psi rumn the data for
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It was, therefore. mounted in the blow- the character±stic large stress spikes In the
dom water tunnel with a Jec of 30 meters per piezoelectric gage. he geomecry of the hud-
second submerged in essentially stagnant hIe shape is also favorable. It is seen that
water about 1.2 ca from the target wall. the bubble deforms to an ablate ellipsoid.
Figure 9 show three frames from a motion Its aspect ratio is 1:1.16 in the first expo-
picture taken at 200,000 frames per second sure and 1:1.38 in the second.
with the laser camera. Cavitacion appears
very stringy and ragged and there is little When .audi and Ellis published the first
evidence of vortex core cavitation in this theoretical work on the geometry of initiallv
nozzle. The cavitation at the bottom of the spherical bubbles collapsing on a surface in
frame was on the target plate and was unavoid- the absence of flow, the predicted jets
able due to the difficulty in making the formed were slower than would be expected
Leach and Walker nozzle cavitate. Its cavi- from damge studies. .ore recently the
tation inception parameter wes about 0.3 and Russian workers Voinov and Voinov r5] showed
it is unlikely that cavitation contributes theoretically by numerical calculations that
to the effectiveness of this nozzle in prac- if the initial bubble shape was an oblate
cice. ellipsoid, the predicted micro eots would

have extremely high velocities, and this is
OBSERVATION OF 5U3BLES I2N A STAGNATION the shape which is seen experimencally in the
FLOW scagnation flow.

Preliminary studies of bubble behavior With these obeervations it was felt that
in a stagnation flow were made in the blow- attention should be shifted to the use of the
down water tunnel facility. The tunnel has high speed camera. Results are shown in a
a vertical 7 cmx7 cm square lucite experi- cinema to be presented at this meeting.
metal section and provides turbulence free
flows of uniform velocity profiles up to DEVELOP2E-T OF LASER CMERA
about 30 meters/sec. A model was designed
and installed in the experimental section To obtain the desired photographic
for the stagnation flow studies. The nose histories of the cavity growth and collapse,
of the model is a flat surface, normal to a new high speed laser camera was designed to
the flow, about 2.2 cm in diameter, and has the following approximate specifications:
a lithium-niobate piezoelectric gage just
,inder the flat surface to detect and measure Fram rate: Variable l0

s 
to Zwl0' framesisec

the stress pulses from collapsing bubbles. Exposure time: <30 nanoseconds
Bubbles are generated by an adjustable spark l.umber of frames: >100 full frames or
probe installed upstream from the model. 200 half frames on )5 m film
The experimental set up is shown in Figures Frame rate: 100,000 to 1,000,000 per second
10 and 11. The flow carries the spark jener- Frame size: '.2 cm
aced bubble into the sCagnation region where .gnificacton: Variable l'2 to -
it can collapse on the flat surface. working distance: 1 meter at maximum

magnification.
To evaluate the feasibili t of using

bubbles to assist deep drilling it was felt The camera consists of a high repetition
that answering two questions experimentally rate pulse locxed ruby laser light source
had high priority: 1) could bubbles over- which frames an image scanned over a station-
come the adverse pressure gradient of the ary strip of 35 -=. film by a rotating mirror
flow to penetrate the stagnation region and mounted on an air driven turbine.
collapse on the surface? 2) Would favorable
bubble geometry be preserved which would The laser system is a new and improved
result in the formation of the damaging micro high output version of a pulse locked laser
seas when the bubble collapsed? system first developed by A.T. Ellis. -he

ruby is a 3/8 inch by 6 inches holographic
The answer to both of these questions is grade rod with antireflectively coated,

affirmative. Figure 12 shows a double expo- normall' cut ends. I: is pumped by two
sure sequence of a single bubble generated helical flashlamps in a reflective aluminun
by a spark om the axis of symtry .65 cm housing.
above the flat surface. The first exposure
was made 200 us after the spark and the While che camera was built expressly for
second exposure 400 us after the spark. the bubble studies, it should find applica-
During the interval between the spark and the tion to many research problems. The key to
first exposure the average velocity of the its versatility is the high intensity of the
bubble concrold was 415 cm/sec and its aver- pulse locked laser system which allows the
age velocity between the first and second high effective f number of the camera optics
exposure is 470 mi/sec. During this Interval (f 60). Additional flexibilit7 is provided
it has collapsed to about 40 of its first by the modular design which is centered on
exposure volume. The collapsing bubble is the turbine housing, a strong rigid strjcture
thus accelerating into the stagnation region oi 1/Z inch aluminum plate to which bolt the
an predicted by the theory of lenjamin and auxiliary mirror housing, lens mount, and
Ellis, conserving its virtual momentum as it film quadrant: all of which are simple ply-
collapses. Other phocographs have shown the wood structures. Thus modifications can
bubbles collapsing on the surface with easily be made such as film quadrants of
various combinations of standoff distance and different radii, :enses of 4ifferent focal
tunnel velocity, and chese collapses produce leng:hs, incorporation of a schlitran stop,
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-hanges in auxiliary mirror goometry, or shock. This contradicts ideas prevalent
operation wichour an auxilar, mirror for before this work was done but simplifted
a short focal length low f number configura- theoretical predic:ons. The work cocs stow
tiOn which "sould be useful for short histortis longer time pressure uscillactons in the simu-
at lower frame rates with a conventional laed borehole which could heIl ma.ntain :av.-
light source. Transfer Leses could be cation.
installed in film quadrants and the camera
operated as a 3ckman-ype camera with a 5. .em ents show about 19 of electri:al
zontinuos light source, or at high framse energy in the spark being recovered as bubble
races with the pulse Locked ruby when a high (PV) energy. "his was essentially independent
intensity coherent light source is desired. of ambient pressure measurec :o 5,000 psi).

Photographs of the camera and laser head 6. The pressure gradients in a stagnation
are shown in Figures 13 and 14. flow which would be encountered in the let

from a drill bit nozzle have a favorable
SU AY effect on bubble ieometry and should enhance

the damage caoab_4:_c%- of :he z: ~sn avi-
The objective of this study ws to ces.

determine the feasibility of a new method -or
iigh-speed drilling of deep holes to permt: 7. This study shows the introduction o;f
more rapid and economical utilization of geo- cavizies into drilling fluid will procuce
:nermal energy and petroleum resources. The desirable increases of rock fracture even
osthod consisted of generating an electrical at high ambient pressure. This was a ma:or
spark in drilling liquid and utilizing the unresolved question before this proeect was
hign velocity jets and shock waves from the completed.
collapsing cavity to fracture rock than rely
on the spark generated shock wave alone as had R. It was found that the electrical energy
been investigated by others. This complecel must be introduced in a short time reLative
new approach required unavailable basic to bubble lifetimes in order to produce an
observations on bubble dynamics at high effective collapse. At 5,000 ;si the S micro-
ambient pressures in order co establish a second duration of the discharge was airead7
reliable mathematical theory for future becoming too lona for the 25 microsecond
design. Complete bubble lifetimes as short ftifci=e.
as 23 millionths of a second mandated the
conception and development of a new ruby laser aEcO.f..,DAT:N
light source and camera. Although a consider-
able porizon of project time was required, Cavitation ntroduced tnto dril. .1
:his system as an absolute necessity for will substantially assis existing drill .:s
zomple:ion of the project and is currently but possible methods of generating :avi:ar1cn
unique. Ty.pically, 100 photographs at 3 by utilizing flow energy from che -od pumps
microsecond incervals and 20 nanosecond expo- should be :horoughS7 investigated at high
sure times were used for data acquisition, ambient pressures nefore any more etfort -s

A narrow oand light filter together with :he put i=co :he spark zenerating method. he
~otca •ly coherent illumination revealed spark method has ?roveo useful as a laboratorv
details of shock wave propagation and means of checking zavitation theory but :here
cavity geometry during the actual spark exist m;jor technical difficult:es recuiring
discnarge which lasted for the first 5 micro- major engineering effort before fiald use
seconds. could be accomplisned.

Some principal findings are: ,py'CES

I. Damage to the solid occurs at bubble 1. C.F.'a :aud and A.. 'I3, "On the
zollpase and not from the spark generated Mechanism of Cavicat ion Damage b' ',cn-
shock waves. lemispherlcal Zavines Collapsing in

Contact wi:h SolId 3oundar-," rans. cf
. lubble dynamics agree with theory ASE :ournal of 3asis: Znineerl_. 7oi.
leveloped and may be predicted even at h Igh 33, :.o. ., p. 64--i36, 0c. De6
a oent pressures above :he critical point
(22 Mp• for water). (Obsered :o 35 .Ta). 2. 7.3. Benjamin and A.T. Ellis, ",he

Collapse of CavitatIon 3ubbles and tha
3. Inertial effects override the effects Pressures Thereby Produced Against Solid
of viscosity and viscoelasticit7 on bubble 3oundaries," Phil. Trans. :- :h Royal
dvnamics and therefore existing drilling muds Societ of London, Series A, 1;o. l0.
should not be less damaging than wacer. '7ol. 260, pp. I- .2 ul*.. (1966).
,eir higher density should make then more

damaging). Experimental observations which 3. r.P. Bowden, ":he Formation 3: Miarole:s,'
support this conclusion were made for 50 ihil. Trans. 3f the Roval $ociet:v Cf
glycerine-vacer mixtures as well as polymer London. Series A. o. 1110. 7ol. 6. :.

solut~ons. ?4-45, :"ly 96

Photographs of shock wvaes incident :4.S. ?!esse and R.3. hapnan. "ollaose
:ubbles show that :here is negligible sa. f n :nltla 7 Szher:al .aoor :a%-."
on :he bubble far the short duration of I :In*e ':eignbornood of a Solid cunar:.'
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Fig. -0 31ow-down Water Tunnel Facility7 Fig. 11 E.xperime.ntal Section off 3low-down
Tunnel

77.

Fig. 12 Exposures at 200 us and 400 is of a Fig. 13 Camera -urinae Housing vith Lens
Bubble :eneraged .65 cm Above Model
Nqose

IS0

IQ'J

$,1

Pig.I 4 DiIe

Fig. 14 Pulse Locked Laser System. Visible
!rom Left to Right: Phocodiode and
Beam Splitter for Monitoring
Output,; Output mirror, Karr Call,
Polari er, RubyfFlashlamp Housing,
Rear Mirror
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